Breast cancer is the most common malignancy diagnosed among women worldwide and is the second leading cause of cancer-related deaths in women [1] . Early detec tion, improved surgical techniques, and targeted thera pies have resulted in a general downward trend in the prevalence of the disease. However, recurrence of cancer owing to metastasis and emergence of drug resistance still account for more than 90% of cancer-related deaths and continue to pose major clinical challenges in the successful treatment of the disease. Th e high rate of relapse in patients with breast cancer -estimated to be approximately 30% -underscores the need to identify tumorencoded genes and to understand how these genes contribute to metastasis. Such an understanding will enable novel strategies (a) to prevent the progression of early lesions to metastatic disease, (b) to treat metastatic disease, and (c) to stratify tumors with high metastatic potential.
Introduction
Breast cancer is the most common malignancy diagnosed among women worldwide and is the second leading cause of cancer-related deaths in women [1] . Early detec tion, improved surgical techniques, and targeted thera pies have resulted in a general downward trend in the prevalence of the disease. However, recurrence of cancer owing to metastasis and emergence of drug resistance still account for more than 90% of cancer-related deaths and continue to pose major clinical challenges in the successful treatment of the disease. Th e high rate of relapse in patients with breast cancer -estimated to be approximately 30% -underscores the need to identify tumorencoded genes and to understand how these genes contribute to metastasis. Such an understanding will enable novel strategies (a) to prevent the progression of early lesions to metastatic disease, (b) to treat metastatic disease, and (c) to stratify tumors with high metastatic potential.
Although genetic changes are central to many aspects of cancer development, they are not suffi cient to cause disease progression. In addition to these genetic alterations, early-stage tumors (for example, ductal carcinoma in situ (DCIS) of the breast) require some ancillary changes (induced by the tumor microenviron ment) to become invasive and to metastasize [2] . Many infl am matory mediators produced in the tumor milieu can induce persistent epigenetic changes that aff ect fundamental processes necessary for generating tumor cell variants with metastatic ability [2] . However, infor mation on how and what infl ammation-induced epi genetic changes aff ect invasion and metastasis remains elusive.
Recently, we identifi ed a novel infl ammatory pathway that is constitutively activated in cancer cells and promotes drug resistance and an invasive phenotype in epithelial cancer cells [3] . Central to this pathway is increased expression of the structurally and functionally complex protein called tissue transglutaminase (TG2 or tTG). In this review, we discuss the evidence that aberrant expression of TG2 promotes a metastatic and drug-resistant phenotype in breast epithelial cells by inducing the developmentally regulated program of epithelial-to-mesenchymal transition (EMT) and conferring stem cell traits to the cells.
Abstract
TGM2 is a stress-responsive gene that encodes a multifunctional and structurally complex protein called tissue transglutaminase (abbreviated as TG2 or tTG). TGM2 expression is frequently upregulated during infl ammation and wounding. Emerging evidence indicates that TGM2 expression is aberrantly upregulated in multiple cancer cell types, particularly those selected for resistance to chemotherapy and radiation therapy and those isolated from metastatic sites. It is becoming increasingly evident that chronic expression of TG2 in epithelial cancer cells initiates a complex series of signaling networks which contributes to the development of drug resistance and an invasive phenotype. For example, forced or basal high expression of TG2 in mammary epithelial cells is associated with activation of nuclear transcription factor-kappa B (NF-κB), Akt, focal adhesion kinase, and hypoxia-inducible factor. All of these changes are considered hallmarks of aggressive tumors. TG2 expression is able to induce the developmentally regulated program of epithelial-to-mesenchymal transition (EMT) and to confer cancer stem cell (CSC) traits in mammary epithelial cells; both EMT and CSCs have been implicated in cancer metastasis and resistance to standard therapies. Importantly, TG2 expression in tumor samples is associated with poor disease outcome, increased drug resistance, and increased incidence of metastasis. These observations imply that TG2 plays a crucial role in promoting an aggressive phenotype in mammary epithelial cells. In this review, we discuss recent evidence that TG2regulated pathways contribute to the aggressive phenotype in breast cancer.
TG2: the multifunctional protein
TG2 is the most complex and ubiquitous member of the transglutaminase family of enzymes that catalyze posttranslational modifi cation of proteins by introducing highly stable ε-(γ-glutamyl)lysine isopeptide linkages or by incorporating polyamines at selected peptide-bound glutamine residues in the presence of Ca 2+ [4] . Besides catalyzing the protein crosslinking reactions, TG2 can hydrolyze nucleotide guanine triphosphate (GTP) and serve as a protein disulfi de isomerase, as a kinase, and as a scaff old protein [4, 5] . In the physiological context, TG2 is referred to as a component of cell or tissue defense mechanisms; its expression is frequently upregulated in response to cell damage or other stressors to protect cells from endogenous and environmental stresses and to repair tissue later for sustained homeostasis. An interesting feature of TG2 is that it can exert opposing eff ects depending on its localization and predominant activity.
Th ree important regulators of TG2 activity are Ca 2+ , GTP/GDP, and redox potential. Binding of Ca 2+ ions to TG2 promotes its catalytically active 'open' or 'extended' conformation. Binding to GTP or GDP, in contrast, promotes the catalytically inactive 'closed' or 'compact' conformation ( Figure 1 ). Because most intracellular TG2 is GTP-bound and calcium concentrations are low, it stays in catalytically inactive form under physiological conditions. In this compact form, TG2 serves as a scaff old protein and regulates signaling pathways by binding and altering the function or stability (or both) of certain key eff ector proteins. Intracellular calcium level alterations due to cell damage or other stressors induce a catalytically active (extended) conformation, resulting in TG2-catalyzed crosslinking of cellular proteins and apoptotic death ( Figure 1 ). In contrast, TG2 in the extracellular environment, which has a considerably lower concen tration of GTP/GDP and abundance of free calcium, can be expected to be present in a catalytically active form. However, most extracellular TG2 is enzymati cally inactive due to disulfi de bonding. Under oxidizing conditions, the inter-strand disulfi de bond between Cys230 and Cys370 facilitates the formation of the more stable Cys370-Cys371 disulfi de bond that inactivates TG2. Th e reactivation of extracellular TG2 can be achieved under favorable redox potential or alterna tively by protein cofactor thioredoxin 1. Once activated, TG2 can crosslink extracellular matrix (ECM) component proteins and stabilize the matrix for increased cell attachment, cell motility, and outside-in signaling cues [6] .
TG2 in breast cancer
Several recent reports have supported increased expression of TG2 in multiple cancer types, including breast cancer [7] [8] [9] [10] . Importantly, the increased TG2 expression is frequently associated with the development of drug resistance and a metastatic phenotype [7] [8] [9] [10] . Aberrant expression of TG2 in breast cancer cells has been linked with epigenetic regulation of its gene (TGM2). Detailed analysis of region-specifi c DNA methylation revealed that TGM2 is among the selected genes whose expression is altered by hypo-and hyper-methylation status in drugresistant breast cancer cells [11] . In a later study, Ai and colleagues [12] observed that TGM2 gene is a promising target for epigenetic silencing in drug-resistant breast cancer cells and that its methylation status could serve as a marker for chemotherapy-sensitive breast tumors. Similarly, TG2 expression in breast tumor samples is associated with metastatic spread and poor disease outcome in patients [8, 10] . Using loss-and gain-offunction approaches, several investigators have reported that aberrant expres sion of TG2 promotes resistance to chemotherapeutic drugs and invasiveness in mammary cancer cells [7] [8] [9] [10] [11] [12] . TG2 is also implicated in epidermal growth factor receptor-mediated oncogenesis [13] . Activation of nuclear transcription factor-kappa B (NF-κB), hypoxia-inducible factor (HIF)-1α, Akt, and focal adhesion kinase (FAK) and downregulation of the tumor suppressor PTEN (phosphatase and tensin homologue deleted on chromosome 10) are among the common pathways that are altered in response to TG2 expression. More recently, the phosphorylation of TG2 at serine 216 was suggested to be critical for inducing NF-κB and Akt activation and downregulation of PTEN [14] . In the following section, we summarize some recent evidence that may explain the ability of TG2 to promote drug resistance and a meta static phenotype in epithelial cancer cells.
TG2-induced epithelial-to-mesenchymal transition
It is now believed that EMT represents the fi rst necessary step in metastatic dissemination and tumor progression. To metastasize, tumor cells must detach from the primary site, enter the circulation, and invade the distant site. All of these processes are facilitated by EMT [15, 16] . During EMT, the polarized epithelial cells, which normally interact with the basement membrane via its basal surface, undergo multiple biochemical changes that enable them to acquire a mesenchymal phenotype. Tumor cells with the mesenchymal phenotype exhibit enhanced migratory functions and increased invasiveness and resistance to apoptosis [15] . To survive and proliferate in the distant site, tumor cells must undergo the reverse process of mesenchymal-to-epithelial transition (MET). Th is allows them to become established in the new microenvironment.
Th e occurrence of EMT in breast cancer cells is suggested by in vitro studies using breast cancer cell lines as well as in vivo by immunohistochemical studies in human invasive breast carcinomas and carcinosarcomas [17] . Further support for the argument that EMT plays a role in tumor progression comes from the observation that expression of transcription repressors Twist1 and Snail1 can be frequently detected at the DCIS stage, long before their metastatic dissemination is observed [18] .
Because EMT and TG2 expression both are associated with drug resistance and the metastatic phenotype in breast cancer cells, we reasoned that the two phenomena might have some common link. Indeed, stable expression of TG2 in normal as well as in transformed mammary epithelial cells induced alterations characteristic of the EMT phenotype ( Figure 2 ). Stable expression of TG2 in mammary epithelial cells resulted in loss of epithelial markers and gain of mesenchymal markers. Moreover, TG2-expressing cells showed a substantial increase in Snail1, Twist1, and Zeb1 transcription repressors which was accompanied by increased invasiveness and the ability to form colonies in agarose (anchorage-independent growth) [19] . Moreover, TG2 expression severely disrupted the ability of mammary epithelial cells to form organized acinar structures when grown in three-dimensional cultures [20] . Unlike TG2-defi cient cells, TG2expressing cells grew into irregular spheroids with no defi ned lumen and fragmented basement membrane (visualized with laminin V staining). Downregulation of TG2 in drug-resistant breast cancer cells (MCF-7/Dox), which express a high basal level of TG2 and exhibit the EMT phenotype, resulted in reversal of EMT (MET), as revealed by gain in E-cadherin expression and loss of Snail1 and Zeb1 expression [19] . Moreover, tumor growth factor-beta (TGF-β), a potent inducer of EMT, showed complete dependence on TG2 for its ability to induce EMT. Th us, TGF-β failed to induce EMT in mammary epithelial cells, which lacked TG2 because of stable transfection with TG2-siRNA prior to TGF-β treatment [19] . Th ese results suggested that TG2 is a downstream mediator of TGF-β-induced EMT. It is conceivable that TG2 represents a converging point for TGF-β-induced signaling that is critical for induction of EMT.
TG2-induced epithelial-to-mesenchymal transition and stem cellness
A growing body of evidence supports the hypothesis that cancer development is due to a small subset of cells within a tumor, termed cancer stem cells (CSCs), that uniquely initiates and sustains the disease [20] . Because CSCs exhibit intrinsic resistance to therapy, their number would be expected to increase after the treatment. Under physiological conditions, high levels of GTP, low redox potential, and low free Ca 2+ level keep TG2 in its catalytically inactive compact state. However, a calcium ion infl ux due to extreme stress or cell damage can induce the catalytically active or 'extended' conformation. In comparison with the intracellular environment, the extracellular matrix has a considerably lower GTP level and relatively high Ca 2+ level. Therefore, the newly secreted TG2 can be expected to be in a catalytically active state. However, a large fraction of the extracellular TG2 in most organs is in an inactive form because of disulfi de bonding. Thioredoxin 1 has been suggested to be a physiological activator of oxidized TG2. In the compact or catalytically inactive state, TG2 can act as a scaff old protein and result in the activation of various signaling pathways. In its extended and catalytically active state, TG2 catalyzes highly stable protein crosslinking, resulting in apoptotic death if inside the cell or stabilization of the matrix if outside the cell. ECM, extracellular matrix. Indeed, prolonged in vitro treatment of MCF-7 cells with doxorubicin resulted in a signifi cant increase in a subpopulation of cells with CSC characteristics [21] . Similarly, the gene expression profi le of residual tumor cells that survived chemotherapy was found to be diff erent from that of cells in the initial tumors and closely resembled the EMT gene signature [22] . Th e highly tumorigenic subpopulation of breast CSCs is characterized by a CD44 + /CD24 −/low antigenic phenotype. Th e fi rst direct evidence that EMT and breast CSCs share some features was provided by Mani and colleagues [23] , who observed that ectopic expression of Twist1 or Snail1 in immortalized human mammary epithelial cells induced EMT and augmented their ability to form mammospheres, with increased expression of CSC markers. A similar link between EMT and stem cell markers has been observed in basal-like tumors, which are known for their aggressive phenotype and high propensity to metastasize [17] . Th e gene signature of breast CSCs is also shared by a recently identifi ed claudin-low subgroup of breast tumors, which display EMT-like characteristics and have high expression of vimentin and Twist [24] .
In our own laboratory, we found that TG2 expression in mammary epithelial cells, in addition to altered expression of several other EMT-related genes, caused a substantial decrease in claudin 1, 4, and 8 transcript expression (S Kumar and K Mehta, unpublished obser vations). TG2-induced EMT was accompanied by acqui sition of stem cell characteristics, as revealed by an increase in CD44 + /CD24 −/low cells ( Figure 2 ) and a concomitant decrease in CD326 + cells [25, 26] . Moreover, TG2-expressing mammary epithelial cells showed an increased ability to form mammospheres, self-renewal ability, and plasticity. Mammospheres derived from TG2expressing MCF-10A cells diff erentiated into complex secondary structures when grown on Matrigel. Cells in these secondary structures diff erentiated into Muc1positive (luminal marker) and integrin α6-positive (basal marker) cells in response to prolactin treatment [25, 26] . A similar association between TG2, EMT, and stem celllike characteristics has been reported for ovarian cancer cells [27] .
Th ese observations imply that sustained expression of TG2 induces EMT and stem cell-like traits and thus could contribute to the develop ment of drug resistance and metastatic compe tence by breast cancer cells. Indeed, analysis of tumor samples at a 7-year follow-up of patients with breast cancer revealed that TG2 expression in primary tumors was inversely correlated with recurrence-free and metastasis-free survival [10] . Although the overall survival rates in these patients did not show signifi cant correlation with TG2 levels, patients with elevated TG2 had shorter relapse-free survival and metastasis-free survival after adjustment for known prognostic factors such as tumor size, lymph node metastasis, age, and hormone receptor status [10] . On the basis of these observations, the authors concluded that TG2 represents an independent prognostic marker for early disease recurrence and progression to metastasis in patients with breast cancer.
TG2-regulated signaling pathways
TG2 in tumor cells serves as a double-edged sword. Both intracellular and extracellular TG2 can regulate cell signaling pathways that promote cell survival, cell motility, cell attachment, and invasive behavior ( Figure 3 ). Previous reports have demonstrated that aberrant expres sion of TG2 in epithelial cells results in constitutive activation of FAK, Akt, and NF-κB [6, 7] . Th ese pathways, in turn, can contribute to the progression of cancer cells by inducing EMT and promoting drug resistance and metastasis [15, 16] . For example, constitutively active NF-κB is a hallmark of many advanced-stage cancers, including breast cancer. It can upregulate multiple downstream genes that are known to protect cells from cell death, promote invasiveness, or induce EMT and stem cell properties [28] . Moreover, activation of NF-κB is considered central to infl ammation-induced tumor progression. NF-κB, in turn, regulates transcriptional regulation of TG2 via ataxia telangiectasia mutated (ATM) signaling in breast cancer cells and by binding to two independent consensus sites in the TGM2 promoter [29] . Th e TGM2 gene has also been proposed to serve as a chromatin target for metastatic tumor antigen (MTA1) and NF-κB signaling in lipo poly saccharide-stimulated cells [30] . Our recent data suggested that non-enzymatic scaff old TG2 could acti vate NF-κB via a novel noncanonical pathway by binding to and degradation of the inhibitory protein IκBα [31] . Indeed, TG2 expression has been shown to correlate inversely with the level of IκBα in breast tumors [31, 32] . Induced expression of TG2 in breast cancer cells resulted in decreased IκBα level and increased NF-κB activity [33] . Conversely, down regulation of TG2 in drug-resis tant MCF-7 cells by RNA interference resulted in increased IκBα and decreased localization of NF-κB to the nucleus [33] . How TG2 mediates IκBα degradation is not yet known but is independent of the proteasomal pathway [31] . An earlier study by Kim [34] suggested that TG2-catalyzed polymerization of IκBα results in its degradation and activation of NF-κB. However, our own studies demonstrated that catalytically active (wild-type) or inactive mutants (C277S and W241A) of TG2 were equally eff ective in mediating the degradation of IκBα and inducing NF-κB activation in mammary epithelial cells [31] . TG2 also forms a complex with NF-κB for its recruit ment to the promoter sequence of Snail, leading to transcriptional regulation of Snail [35] . Moreover, NF-κB-induced transcriptional regula tion of HIF-1α in TG2-expressing cells is also mediated by the recruitment of TG2/NF-κB complex to the HIF-1α promoter [31] . Th us, TG2-expressing mammary epi thelial cells express a high basal level of HIF-1α transcript and protein even under normoxic conditions. Down regulation of TG2 by gene-specifi c small inhibitory RNA (siRNA) attenuated NF-κB activation and inhibited HIF-1α expression [31] .
Th e observation that TG2-induced activation of NF-κB results in high basal expression of HIF-1α is of great signifi cance and suggests that TG2 may play a central role in infl ammation-regulated progression of cancer. Like TG2 expression, HIF-1α expression is considered a negative prognostic factor because of its ability to promote chemoresistance, angiogenesis, invasiveness, metastasis, resistance to cell death, altered metabolism, and genomic stability [36] . Because of its instability under normoxic conditions, HIF-1 was thought to mediate the response only under hypoxic conditions. However, recent evidence supports that expression of HIF-1 protein can be upregulated even under normoxic conditions in response to certain hormones, growth factors, and cytokines [36] . In line with these observations, our data demonstrated that TG2 regulates HIF-1α transcription by activating NF-κB. A recent study observed a similar eff ect of TG2 on HIF-1α accumulation [37] . In that study, the authors concluded that TG2-catalyzed polymeri zation of the von Hippel-Lindau (VHL) protein results in its rapid degradation and depletion. Once again, in contrast to those authors, we used the catalytically inactive form of TG2 and observed a marked increase in both HIF-1α protein and mRNA expression [31] . It is conceivable that transcriptional regulation of HIF-1α by TG2 and NF-κB may act in concert with increased stabilization of the HIF-1α protein. Moreover, TG2induced NF-κB and HIF-1α are indispensable for induction of EMT as the expression of EMT regulators Snail, Twist, and Zeb1 transcription repressors is dependent on TG2-mediated HIF-1α expression [31] .
In addition to the NF-κB and HIF-1 transcription factors, the cytokine interleukin-6 (IL-6) is an important infl ammatory mediator that has been implicated in tumor initiation, metastasis, and onset of EMT. High IL-6 levels in the serum are frequently associated with advanced-stage tumors, metastasis, and poor prognosis of breast cancer [38] . Interestingly, the production of IL-6 by cancer cells is dependent on TG2 expression, and tumor-sphere formation ability of breast cancer cells correlated with TG2-dependent IL-6 production. Both TG2 expression and downstream IL-6 production closely correlated with primary tumor growth as well as the ability of TG2-expressing MDA MB-231 cells to meta stasize to the lung following their implantation in the mammary fat pads of immunocompromised mice [10] . Similarly, expression of grainyhead gene, which owing to its ability to downregulate ZEB1 has been implicated in the negative regulation of TGF-β-induced EMT [39] , is downregulated in TG2-expressing MCF-10A cells, further underlining the signifi cance of TG2 in breast cancer progression. Epidermal growth factor (EGF) is another known inducer of EMT and has also been shown to upregulate TG2 expression and to confer drug resistance phenotype in breast cancer cells [40] . It was proposed that EGF signals through Ras and c-Jun N-terminal kinase to induce TG2 expression at the leading edge of cancer cells, thus further supporting its role in breast cancer invasion and metastasis [41] . In a more recent article, Wang and colleagues [42] argued that a collaborative relationship between TG2 and EGR receptor (EGFR) is mediated by TG2 phosphorylation and suggested the use of phosphor-mutants of TG2 as a novel strategy to downregulate EGFR signaling.
In addition to orchestrating oncogenic signaling from inside the cell, the presence of TG2 in the extracellular environment (due to active cell death or passive release) Owing to its binding and rapid degradation of the inhibitory protein IκBα, TG2 results in constitutive activation of the pro-infl ammatory transcription factor NF-κB. Activated NF-κB (specifi cally the p65/RelA subunit), in complex with TG2, translocates to the nucleus, where it binds to HIF-1α promoter and results in its transcriptional regulation and protein expression even under normal oxygen levels. Increased expression of HIF-1α, in turn, induces the expression of transcription repressors such as Snail, Zeb, and Twist. Collectively, these TG2/NF-κB/HIF-1α-induced alterations result in acquisition of EMT and stem cell traits. Intracellular TG2 is also known to induce the synthesis and deposition of the ECM component proteins, whereas extracellular TG2 stabilizes the ECM by introducing proteolytic-resistant isopeptide bonds between its component proteins. TG2-induced changes in the ECM can alter cell attachment and cell motility functions. Similarly, TG2-catalyzed crosslinking of the ECM could further contribute to the aggressive phenotype of cancer cells by increasing shear stresses. Membrane-bound TG2, on the other hand, can interact with integrin and growth factor receptors (for example, PDGFR) to induce clustering and downstream signaling. Moreover, membranebound and integrin-associated TG2 can interact with fi bronectin and further amplify integrin-mediated signaling. In a nutshell, aberrant expression of TG2 initiates reprogramming of the transcription machinery, which in turn initiates a whole new series of inside-out and outside-in signaling pathways to confer an aggressive phenotype to breast cancer cells. BMP7, bone morphogenetic protein 7; ECM, extracellular matrix; EMT, epithelialto-mesenchymal transition; ERK1/2, extracellular signal-regulated kinase 1/2; FAK, focal adhesion kinase; HIF-1, hypoxia-induced factor-1; IκBα, inhibitory κBα; MMP, matrix metalloproteinase; NF-κB, nuclear transcription factor-kappa B; PDGF, platelet-derived growth factor; PDGFR, plateletderived growth factor receptor; SPARC, secreted protein acidic and rich in cysteine; VEGF, vascular endothelial growth factor. can modulate cell growth, cell survival, and invasive signaling cues. For example, altered cell-cell (homotypic) and cell-ECM (heterotypic) interactions that are considered critical in the development and progression of cancer can be modulated by TG2. Cell surface TG2 can regulate cell adhesion and integrin-mediated signaling through direct and stable interaction with β1, β3, and β5 integrin [6] . TG2 has strong binding affi nity for the gelatin-binding region of fi bronectin and thus can interact strongly with fi bronectin on one hand and integrin on the other to enhance integrin (cell surface)-fi bronectin (ECM) interaction. Th is affi nity facilitates cell attachment to the matrix and also activates integrin-mediated signaling [6] . A signifi cant impact of integrin-associated cell surface TG2 on cell adhesion, spreading, migration, survival, diff erentiation, ECM contraction, and ECM deposition has been observed in many transformed cells [6] . Th e interaction of TG2 with integrins and TG2mediated clustering of integrin potentiates outside-in signaling. For example, integrin-TG2 interaction modulates the integrin-dependent activation of FAK, Src, and p190RhoGAP, and increased levels of GTP-bound RhoA and its downstream signaling target, ROCK [6] . Th e net impact is the increased focal adhesion and actin stress fi ber formation, leading to increased actomyosin contractility. Th erefore, the interaction between integrinbound TG2 and fi bronectin at the cell surface could play an important role in cancer cell metastasis and scarring.
Whereas intracellular TG2 in fi broblasts and epithelial cancer cells can accelerate the synthesis and deposition of new ECM, extracellular TG2 can stabilize it by catalyzing stable crosslinking of ECM component proteins. Th erefore, it is feasible that TG2-induced changes in the ECM could contribute to a desmoplastic response in growing tumors (Figure 3 ). Indeed, cell lines, murine models (xenograft and genetic), and gene expression profi ling studies have identifi ed collagen, fi bronectin, laminin, matrix metalloproteinases, growth factors (TGFβ, plateletderived growth factor, and so on), and integrin as key constituents of the desmoplastic response. TG2 can directly or indirectly regulate the expression and function of most of these eff ectors. ECM remodeling and stiff ening are known to aff ect tumor behavior. Breast cancer progression, for example, requires collagen crosslinking, ECM stiff ening, and increased focal adhesion formation [43] . Lysyl oxidase-induced crosslinking of collagen results in ECM stiff ening, which is associated with increased focal adhesion formation, enhanced PI3 kinase (PI3K) activity, and increased tumor invasion. Th e inhibition of integrin signaling repressed the invasion of premalignant epithe lium into stiff ened, crosslinked ECM, whereas forced integrin clustering promoted focal adhesion formation, enhanced PI3K activity, and induced invasion. On the basis of these observations, it is tempting to speculate that TG2-catalyzed crosslinking and deposition of the ECM may contribute to malignant phenotype in breast cancer.
Targeting TG2
Th e published evidence supports that aberrant expression of TG2 in cancer cells represents a poor prognostic marker. Its expression is associated with the transition of mammary epithelial cells into a mesenchymal state [19] and the gain of CSC traits [25] . In tumor samples, TG2 expression is associated with poor disease outcome, increased resistance to therapy, and increased incidence of metastasis. Th erefore, inhibition of TG2 represents an attractive therapeutic option to reverse chemoresistance and disrupt metastatic progression. Indeed, TG2-siRNA has been successfully used for reversing chemoresistance and inhibiting metastasis in preclinical models both in vitro and in vivo [44, 45] . However, owing to limited clinical evidence to support the eff ectiveness of siRNA as a therapeutic approach, its use in patients with cancer warrants further studies for optimization of siRNA delivery and safety in preclinical models.
Alternatively, small-molecule inhibitors that can bind and inhibit TG2 signaling could off er a better alternative. Increased awareness about TG2 and its role in various pathological conditions (infl ammation, organ degenerative disorders, neurodegenerative disorders, celiac disease, and so on) has led to many small-molecules inhibitors that have been developed to inhibit the enzymatic activity of TG2 [46] . Th e most frequently used and best defi ned TG2 inhibitor with potential anti-cancer activity is KCC009. Th is inhibitor has shown some promise both in vitro and in vivo to enhance chemotherapy in various cancer models, such as ovarian, non-small lung, melanoma, breast, and colon as well as glioblastoma and meningioma [47] . However, the inference that anticancer activity of KCC009 is related to its ability to inhibit the enzymatic activity of TG2 needs further validation and experi men tation. Many TG2 inhibitors, in addition to inhibiting its enzymatic activity by directly binding to the active site, induce conformational changes in TG2 protein [48] . For example, a structural homolog of KCC009 (ERW1227B) binds to the cysteine residue in the active side of TG2 without aff ecting its enzymatic activity yet was highly eff ective in sensitizing gliobalstoma tumors to chemo therapy [49] . Th ese observations imply that conforma tional state (compact versus extended) ( Figure 1 ) rather than catalytic activity of TG2 may be important in promoting oncogenic signaling. Indeed, our recent data using various mutant forms of TG2 supported this contention. We found that enzymatically inactive mutant forms of TG2 (C277S and W241A mutants) are fully active in inducing the EMT, CSCs, chemoresistance, invasiveness, and activation of NF-κB and HIF-1α in mammary epithelial cells [26, 31] . Th e GTP-binding inactive mutant (R580A), on the other hand, showed signifi cant decrease in its ability to promote these oncogenic functions. On the basis of these observations, we propose that identifi cation of small-molecule inhibitors that bind and lock TG2 in an oncogencially inactive state (irrespectively of their ability to inhibit enzymatic activity) can off er novel therapeutics to inhibit the progression and to reverse chemoresistance in cancer cells.
Conclusions
To summarize, we propose that sustained expression of TG2 serves as a central mediator in infl ammationinduced progression of breast cancer by conferring cell survival and invasive competence on breast cancer cells ( Figure 3 ). Specifi cally, TG2 expression results in constitu tive activation of NF-κB in an IKK-independent pathway. TG2 in complex with NF-κB, in turn, binds to the HIF-1α promoter and results in its transcriptional regulation and expression. Increased expression of HIF-1α then drives the expression of multiple downstream target genes (VEGF, glucose metabolic enzyme genes, Snail, Twist, Zeb, and so on) to promote processes such as EMT, angiogenesis, and acquisition of stem cell-like traits. Th is triggers altered homotypic (cell-cell) and hetero typic (cell-ECM) interactions associated with altered expression of EMT/CSC-related genes, leading to enhanced cell growth and survival in the hypoxic environ ment, increased synthesis of ECM proteins, and increased ability of cells to migrate and invade the surrounding tissue.
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